Abstract. Designing an optimum sonar system for a given platform is based on analysing various parameters in their totality, establishing the constraints and assumptions relevant to the platform and the environment as well as on manipulating the design parameters to arrive at the sonar configuration that will maximise performance. In this paper, the design tradeoffs involved in the system design for an active sonar are discussed. A computer aided analysis for the 'first order' estimation of the sonar performance is presented. Typical results of the analysis in connection with the design for certain hypothetical systems are also included.
Introduction
Modern warships are considered to be reasonably equipped against aerial threats, under the umbra of sophisticated rader systems and long-range weapons. Most of them, however are quite vulnerable to underwater threats. This is because the detection of su~merged targets is relatively difficult.
The low data rate in sonar (due to the low velocity of propagation of only I .5 x lo3 meterslsec) together with the highly varying and adverse influence of ocean on the propagation characteristics makes underwater detect~on an inherantly difficult task. Strong backscattering due to inhomogeneity in the medium (reveberation), absorption of acoustic energy by the medium as well as variations in velocity of propagation at different layers of water, resulting in complicated raypatl~s and shadow zones ( Fig. 1 ) are problems peculiar to sonar. Hence the need for a fairly sophisticated system for underwater detection. The design must, however, be optimised, giving due consideration to the constraints on design parameters and resources.
The first step in the design of a sonar system is to configure a basic system model that is likely to meet the requirement. Then, the parameters of the sonar equation that is relevant to that model is manipulated to arrive at the optimum design. In actual practice, however, the system designer is faced with a number of constraints that prevent easy manipulation of these parameters. Some of these constraints are related to the plateform on which the sonar is to be installed. Some others are due to the environment in which the sonar is supposed operate The characteristic of the targets that are expected, tactical aspects and engineering considerations also provide constraints. Design of an optimum sonar system for the given platform is based on analysing the abow parameters and their interrelations in their totality, establishing the constraints/assumptions relevant to the plateformlenvironment and in manipulating judiciously the design parameters under one's control to arrive at the sonar configuration that will maximise performance. The design is finally completed through several computations and the intution and experience of design engineers , In this paper we discuss the tradeoffs in the design of a panoramic, hull mounted active sonar. The design of a hull mounted sonar is chosen since it is the most common type of sonar. Jt is chosen to be panoramic since a panoramic sonar has high data-rate. The approach can be easily adapted to other types of sonar also.
Factors Affecting the Sonar Design and the Tradeoffs Involved
A number of factors are to be taken into account while desiging a sonar system. A detalied analysis of these factors is beyond the scope of this paper. A list of some of the important factors is given in Appendix I.
These factors effect, either directly or indirectly, the parameters of the so called sonar equation. A brief discussion on the sonar equation, the influence of the above factors on the sonar equation and the tradeoffs involved are given in sequal. The right hand side of the above equation is given the reveberation masking level.
It may be noted that parameters such as SL and DI are, to a great extent, within the control of the designer. DT and T L can atleast be controlled indirectly. NL &d T S are beyond the hands of the designer, depending only on the platform and the target respectively. The tradeoffs involved in the proper choice of the above parameters and their dependence on the factors given in Appendix I are discussed briefly below.
The Source Level
The source level (SL) is given by the equation SL = 171.6 + 10 log P + DZ
where 171.6 dB stands for the fact that 1 watt of acoustic power produces 171.6 dB at 1 Yard from a point source P is the acoustic power radiated by the tranducer in watt.
DI is the directivity index.
It is obvious from, the sonar equation that the higher the value of the SL, the higher the echo level and hence the detection range. The source level can be increased either by inceasing the power P or by increasing the Directivity index during transmission. The power that can be applied is, however, constrained by factors such as :- The caviation thereshold can be increased by increasing the static pressure on the array, and by operating it at greater depths. Alternatively, the surface area of the array may be increased so that the power fed to the array may be increased without increasing the surface power density. This, however, increases the size and weight of the array and hence machanical constraints on the platform may become the limiting factors. The source level may also be increased by increasing the DI during transmission, by beamforming techniques. The directive gain of an array is proportional to the frequency and the pliysical dimensions of the array. There are some pitfalls in increasing directivity index beyond a certain limit. A few of them are the following :-
(1) As the directivity index is increased the beamwidth reduces. The reduction In vertical beamwidth, however, results in loss of vertical coverage, especially when the platform rolls and pitches.
(2) More number of beams are needed in azimuth, during transmission, to insonify a certain sector. The transmission time is heme increased, resulting in more deadrange. The dead-range must be minimised due to tactical reasons. The optimum choice of source level is hence rather difficult. A logical approach to the choice of source level could be as given below :-(i) Estimate the maximum array dimeniion (i.e. the Radius R and thi height H) that can be accommodated in the platform. The active area A available on such an array is given by
Where a is the ratio of the active area to the total area of the curved surface of the array.
(ii) At any frequency F corresponding to a wavelength A in water, the vertical beam width is given approximately by
Ensure that the beamwidth is greater than or equal to the mininium permissible. If not reduce the value of H accordingly. The minimum permissible beamwidth is usually around 8 degrees, for platforms that experience roll of less than 5" in sea state 2. This could be as less as 4" for platform w~t h stabilized transducer.
(iii) The cavitation threshold is usually 113 wattlcm2. For pulsed signals it is customary to apply up to 112 watt/cm? Hence, by using equation (4), the power that can be radiated by the array is given by
For arrays operating at a depth of h meters) the power that can be radiated is given by.
The corresponding electrical power required is
where q is the efficiency (iv) substituting equation (7) in equation (3) we get the source level in omni-mode of transmission as SL(omni) = 171.6 f 10 log RHa -t 10 log (1 + h/10) + DZv (9) where DZv is the directivity index (vertical) (v) If ripple directional transmission (RDT) is used for increasing SL, select the number of simultaneous beams Nx used in transmission. The optimum value for Nx is 3. Reducing Nx simplifies the hardware for transmission control. This however, implies that more number of transmission will be needed to cover 360" azimuth and ,hence the dead range also increases. Increasing Nx will have the opposite effect on hardware and dead range. Also, the aperture area for each beam is reduced and the SL will also be reduced to that extent. The source level for RDT case can be computed as follows.
The power that is radiated by each aperture is given by
The aperture angle is given by
The corresponding aperature width is
The transmission directivity D l is given by where 0v is the vertical beam width given by equation (5) and OH is the horizontal beam width given by
substituting these values in equation (1 3) we get DZ = 10 log { (4n/h2) 2RH sin (n/Nx)) therefore, the source level in RDT is given by SL (RDT) -171.6 -t 10 log {(xRH.a/Nx) (1 $ h/10))
The Tra~lsmission Loss
The transmission loss (TL) is the ratio in dB of the signal intensity at 1 yard from the source to the intensity at the target or at the receiver. The transmission loss has two components namely (i) The spreading loss, and (ii) The absorption loss.
The spreading loss depends upon the type of spreading. The usual assumption is spherical spreading given by 20 log r, where r is the range. When the energy is trapped between two boundaries such as in a duct or in shallow water, the loss is proportional to the first power of range and is given by 10 log r. In practice, however, a combination of the two types of spreading is observed. Initially for a certain range, till the wavefront encounters the boundaries, spreading follows spherical law and afterwards the cylindrical law. The spreading loss is independent of frequency.
The absorption loss is due to dissipation of energy in the medium. The coefficient of absorption 'a' varies with frequency, temperature, salinity, pressure (depth), etc. in a very complex manner. It shows a very strong dependence on frequency. A handy rhumb rule for a, for Indian waters (assuming a temperature of 80" F) is where f is the frequency in KHz.
Because of this strong frequency dependence of a, the detection range depends greatly on frequency.
The combined expression for TL assuming spherical spreading is TL = 20 log r $ u.r t 60 where the term 60 db stands for the fact that r is expressed in kiloyards instead of yards.
Target Strength
The target strength (TS) is defined as the ratio (in dB) of the echo intensity at 1 yard from the target to the incident intensity. This is a parameter dependent only on the geometry of the target and rhe aspect it offers to the sonar. The average value of TS is usually assumed to be + 15 dB, though smaller submarines such as Daphne may have a slightly lesser value.
If short pulses, say less than 15 m. Secs are used for transmissian, the target strength is likely to fall, in as much as a short pulse may fail to insonify the entire target. Also, for a target to length L at an aspect angle 0, the echo pulse is lengthened in duration by T = 2L Cos (0)lC. Multipaths also lead to increased pulse length which becomes comparable to the pulse length when the duration is small. Hence a parameter, collapsing loss given by CL = 5 log (0.015/T) (where T is the actual pulse length) is included, which is reduced from TS, for the purpose of calculating sonar ranges, when pulse lengths lower than 15 m. Secs are used in transmission.
The Noise Level
The noise level (NL) stands for the noise spectral density, defined as the noise intensity in 1 Hz band in dB with reference to one micro-Pascal. The ocean and the plateform are both noise sources. The ambient noise of the sea dependsupon the sea state. The platform noise increases with the cruising speed of the ship. The noise spectral density usually falls at the rate of 6 clB per octage of frequency and hence the noise level influences the choice of the operating frequency, for optimum performance.
130th the ambient noise and the self noise are generally isotropic in nature. Hence a directional array picks up lesser noise compared to an equivalent nondirectional hydrophone and is given by (NL -DI). Reducing the cruising speed reduces the search rate of the sonar. Hence it is advisable to optimise the sonar system at the normal cruising speed of the ship. The directivity index can be increased either by increasing the dimension of the array or, by increasing the frequency. The proper choice of DI is influenced by the factors as mentioned elsewhere also. Though the noise spectral density reduces with frequency at the rate of 6 dB per octave, the strong frequency dependence of absorption loss as given ir. Eqn. (1 7) has an opposite effect on the sonar performance. The combined effect is to give a peaked characteristic to the frequency verses detection range curve, giving the best performance at a particular frequency. While a small bandwidth will keep the integrated noise level low, a higher bandwidth is mandatory to cater for the Doppler shift due to the relative motion of the platform and the target. The ships own motion is usually nullified either in transmission, or in reception for keeping the bandwidth low in sonars. The Doppler shift A F is given by where v is the target velocity in knots and f is frequency in Khz.
A target speed of 40 knots can be taken as worstcase maximum for the purpose of fixing the receiver bandwidth.
To improve performance in reverberation, one is sometimes forced to increase the bandwidth of the transmission pulse .by some kind of modulation. The receiver bandwidth will have to be increased correspondingly.
It may be remembered that the parameter N L in the sonar equation is the noise spectral density and not the integrated noise level over the band. The effect of bandwidth is, however, included in the Detection Threshold. Hence clear insight to the variation of DT with bandwidth is necessary for the correct choice of the bandwidth.
Directivity Index
Many aspects of directivity index (DZ) were discussed in connection wlth the parameter SL and hence are not repeated here. In reception the DZ is a measure of the discriminating power of the receiver against interfering noise from unwanted directions. The important factor in deciding DZ is the aperture width for each receive beam. The optimum aperture for a receive beam using cylindrical arrays1 is that formed by 1/3rd arch of the array. Under this condition Eqn. (15) may be modified to get DZ in reception as t = 10 log ((4x/A2) 2RH Sin (~13))
The Reverberation Level
The reverberation level (RL) is the ratio in dB of the reverberation power at hydrophone to the reference intensity. The reverberation has three constituents namely the surface reverberation, the volume reverberation and the bottom reverberation. The major constituent for hull mounted sonars, working in the surface duct mode, is the surface reverberation.
The fundamental ratio on which the reverberation depends is called the scattering strength and is given by Empirical formulae for different types of propagation conditions and scatterings are given elsewhere2. Necessary modifications to the range solution may be carried out to suit the specific case.
The Detection Threshold
The detection threshold (DT) is the ratio in dB of the signal power in the receiver bandwidth to the noise power in one Hz band, required for detection, at some preassigned probabilities of detection and false alarm. The DT value varies with the quality of detection (probability of detection and false alarm), a priori knowledge of the expected signal and noise characteristics and the type of receiver used
In the case of signals known exactly, the DT is given by where 'd' is the detection index and t iv the signal duration
The detection index 'd' is the parameter that links DT to the required quality of recep tion. Once the probability of detection and false alalm are assigned, the value of 'd' can be read off from the so called Receiver Operating Characteristic (ROC) curves.
The optimum receiver for signals, known completely in gaussian background, is the matched filter3 whose impulse response is the replica of the transmission signal, reversed in time. It may be noted that foi signals, known completely, the DTis independent of the bandwidth where as DT improves with the signal duration 't'.
For the other extreme case of unknown signal in gaussian background, the DT is given by DT = 5 log (d w/t) (30) where 'w' is the bandwidth
The optimum receiver for the above type consists of a square-law detector preceded by a filter. This, assumes that the time canstant of the post detection filter T is the same as the signal duration t. If T is different from t, the DT increases and is given by There are a number of possible cases in between the above two extreme cases, depending upon the level of knowledge about the signal and the type of receiver used. In these cpses, the exact value of DT must be modified accordingly by including a parameter '"addirional processing gain/loss" in the sonar equation.
The DT in the case of unknown signals is inversely proportional to the signal duration. Reducing the bandwidth also reduces the DT, provided the signal power in the receiver bandwidth remains the same. For broadband signals, however, the signal power increases as 10 log (bandwidth) whereas the DTdeteriorates (i.e. increases) at the rate of 5 log (bandwidth) and hence there is a net gain. This aspect is made use of in the reverberation limited case by deliberately increasing the signal bandwidth (by using modulation techniques) and thereby reducing the spectral density of the reverberation.
The Optimisation Procedure
The general procedure for arriving at the appropriate design is given below : (a) Establish the constraints and assumptions relevant to the given plateform.
(b) Search for the optimum frequency and the sonar configuration that will maximise the noise limited range ensuring that the constraints are satisfied. This is a recursive, successive approximation process.
(c) Work out the reverberation limited range for this configuration If this range is less than the noise limited range, change the system configuration accordingly and go back to step (a). Repeat the process till the two ranges are about equal.
(d) Confirm that this range is in excess of the minimum required range, based on tactical consideration such as (i) the detection range of the expected enemy vessels, (ii) killing range of the enemy weapons, (iiij Range of weapons on the ship, and (iv) The usual missions to be carried out by the ship etc.
If this condition is not satisfied go back to step (a) again and repeat the process. This result gives a 'first order' design which can be further improved, based on the experience of the designer. The whole process involves a number of recurring computations. The task can be simplified by employing a digital computer for the necessary computation and plotting.
Frequency Plots
The results of the above computations, for any fixed array dimensions, are best presented in the form of the following plots : (a) Frequency versus range plot (noiselimited), (b) Frequency versus power demand, and (c) Frequency versus vertical beamwidth.
A number of such plots, under various processing options, may be c~mputed and the optimum frequency and configuration may be chosen intutively. The maximum allowable transmission loss at the operating frequency is given by :
A target strength of 15 dB may be assumed and the TL value, may be computed The detection range and the transmission loss are related by the exact spreading law and the attenuation. The plot will usually be a peaked curve showing maximum range at a particular frequency This frequency, where the maximum range appears, is called the optimum frequency for that particular configuration of the sonar.
Frequency versus power demand plot :
The basic assumption in computing this plot is that the duration of a ping-cycle corresponds to the detection range obtained in para (a) above. The duration of a ping-cycle is given approximately by where r is the range at any frequency and C is the velocity of propagation.
Hence the duty ratio for omni-transmission is given by where t is the basic pulse length. In the case of omni-directional transm~ssion, the average electrical power is given by : P = xRH a (1 + h/10) (117) ( t / T ) ( 
38)
where 7 is the overall conversion efficiency from electrical supply power to the transducted acoustic power.
In the case of RDT, the average electrical power is much more than the above and is given by . 
where C is the velocity of sound and F is the frequency.
Design of a Iiypothetical Sonar
We will now proceed with the design of a hypothetical sonar that could give an average detection range of 20 K yards. The block-schematic of a basic sonar model that may meet the requirement is given in Fig. 2 . 
Conclusion
The design of an optimum sonar system is influenced by a number of factors. The tradeoffs involved are discussed briefly in the paper. The role of computer in the system design is discribed. The design of a hypothetical sonar system is also explained. It may be borne in mind that this approach can offer only a 'first-order' solution. Detailed system design taking into account 'second order' effects has to be carried out by the designer.
